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Highlights 
● The human petrous bone has different histomorphology from other skeletal elements 
● No microscopic focal destructions observed in human petrous bones 
● Only few merged osteocyte lacunae may indicate some limited microbial presence 
● Generalized destruction is linked with decreased levels of endogenous DNA 
● Dissolution/recrystallization of bioapatite is linked with loss of endogenous DNA 
● Am/P, % N and % C of whole bone are reliable indicators of collagen content 
Abstract 
The discovery of petrous bone as an excellent repository for ancient biomolecules has been a turning 
point in biomolecular archaeology, especially in aDNA research, but excessive and uncontrolled 
sampling could result in loss of this valuable resource for future research. This study reports on the 
histological (optical microscopy), physical (FTIR-ATR), elemental (CHN) and biochemical (collagen and 
DNA analysis) preservation of 15 human petrous bones spanning from the c. 2100 BC to 1850 AD. 
Through the combined application of a number of diagenetic parameters (general histological index; 
infrared splitting factor; carbonate/phosphate ratio; amide/phosphate ratio; collagen wt. %; % C, % N and 
C/N of whole bone and collagen; % endogenous DNA), we provide new insights into petrous bone 
micromorphological characteristics and diagenesis, and new evidence to enhance screening practices 
for aDNA and collagen analysis.  




The extraction and analysis of ancient biomolecules preserved within archaeological bone tissue can 
provide valuable information for studying past populations (Bentley, 2006; Brown and Barnes, 2015; 
Buckley et al., 2009; Cappellini et al., 2018; Colonese et al., 2015; Hendy et al., 2018; Katzenberg, 2008; 
Lee-Thorp, 2008; Orlando and Cooper, 2014). However, bone diagenesis leads to the partial or 
complete loss of the biochemical information (Collins et al., 2002; Kendall et al., 2018; Nielsen-Marsh et 
al., 2000). The recent discovery that the petrous bone, a massive portion of the endocranial aspect of the 
temporal bone, is an excellent repository for long term DNA survival presumably due to its high density 
(Gamba et al., 2014; Hansen et al., 2017; Pinhasi et al., 2015) represents a major breakthrough in 
ancient DNA (aDNA) research as the expense of genome sequencing can often be prohibitive due to the 
the low abundance of the endogenous DNA from the target (e.g. Green et al., 2010). Collagen extracted 
from petrous bone has also been identified as a potential indicator of fetal and early years diet (Jørkov et 
al., 2009) as ossification of the petrous pyramid is mainly completed in utero and during early fetal years 
(Jeffery and Spoor, 2004; Sørensen, 1994; Sørensen et al., 1992). Similarly, petrous bone can 
potentially provide information on the geographic area in which individuals had spent their childhood 
through strontium isotope analysis (Harvig et al., 2014), providing an additional layer of information to the 
strontium analyses of teeth.   
Petrous bone’s sui generis nature is manifested by the three different tissue zones recognised by Doden 
and Halves (1984): a) an outer periosteal; b) an endosteal that surrounds the canals and cochlear 
surfaces; and c) an inner periosteal that can replace both the outer periosteal and endosteal tissues. A 
lack of bone remodelling has also been noted in earlier studies (Doden and Halves, 1984; Frisch et al., 
2000; Jeffery and Spoor, 2004) and the increased mineralization (i.e. hardness) in some areas of the 
petrous bone (Doden and Halves, 1984) compared to other skeletal elements (Currey, 1999; Zioupos et 
al., 2000) is another unique feature. The outer periosteal tissue is considered less mineralized in vivo 
and has its collagen fibres arranged parallel to the bone’s surface (Doden and Halves, 1984). 
Contrariwise, the inner periosteal tissue has randomly oriented collagen fibres (Doden and Halves, 1984) 
and two different degrees of mineralization (Doden and Halves, 1984) linked to different concentrations 
of Ca, P, Sr and Mg (Katić et al., 1991).  
Here some commonly and successfully applied diagenetic parameters, namely the general histological 
index (Hollund et al., 2012), infrared splitting factor (Weiner and Bar-Yosef, 1990), carbonate/phosphate 
ratio (Wright and Schwarcz, 1996), amide/phosphate ratio (Trueman et al., 2004), collagen weight % 
(van Klinken, 1999), % C, % N and C/N of whole bone and collagen (Brock et al., 2010), and % 
endogenous DNA (e.g. Hansen et al., 2017), are combined to provide new insights into petrous bone 
characteristics and diagenesis. This study therefore seeks to understand the factors underpinning the 
survival and possible resistance of petrous bone to diagenesis, but more importantly explore potential 
 
methods to enhance screening practices for aDNA and collagen preservation in petrous bone specimens 
irrespective of the conditions of the burial environment.  
2. Materials and Methods 
Fifteen archaeological human petrous bones were used in this study (Table 1) from two contrasting sites, 
9 samples from the later historical period in Denmark (c. 1650–1850 AD) and 6 samples from the Bronze 
Age period in Central Asia (c. 2100–1800 BC). Samples are representative of the b and/or c areas of 
petrous bone as presented in Pinhasi et al. (2015). Sampling for aDNA analysis preceded sampling for 
histological, FTIR-ATR, collagen and elemental analyses, thus samples do not derive exactly from the 
same anatomical location. The genetic results presented here (endogenous DNA content) have been 
sourced in Hansen et al. (2017). Statistical analysis was carried out using IBM SPSS v.25 and the 
significance level was set at 𝑝 = 0.05. Regression correlation (R2) of 0-0.19 is regarded as very weak, 
0.2-0.39 as weak, 0.40-0.59 as moderate, 0.6-0.79 as strong and 0.8-1 as very strong correlation, but 
these are rather arbitrary limits and should be considered in the context of the results. 
Histology  
Sixteen transverse and longitudinal thin sections of c. 200 μm from 10 samples were prepared using an 
Exact 300 CL diamond band saw. Undecalcified thin sections were mounted onto glass microscope 
slides using Entellan New (Merck chemicals) for microscopy mounting medium and covered by a glass 
coverslip, both cleaned with xylene before use. Thin sections were assessed under a Leica DM750 
optical microscope using plane-polarized (PPL) and cross-polarized (XPL) transmitted light with total 
magnification ranging from 40x to 400x. Digital images were captured by a Leica ICC50 HD camera for 
microscopy imaging with a capture resolution of 2048 x 1536 pixels. The general histological index (GHI) 
introduced by Hollund et al. (2012) was used as it is analogous to the Oxford histological index (OHI) as 
described by Millard (2001) but includes generalized destruction, cracking, and staining. A GHI value of 
5 represents excellent microstructural preservation similar to modern bone (>95% intact microstructure), 
whereas a GHI value of 0 indicates poor microstructural preservation (<5% intact microstructure) with 
almost no original histological features observed. 
FTIR  
FTIR-ATR measurements were performed in triplicate on 15 human petrous bones and two modern 
human femora using a Bruker Alpha Platinum [range: 4000-400 cm-1; no. of scans: 144; zero filling 
factor: 4; resolution: 4 cm-1; mode: absorbance]. Sample preparation and analysis was carried out using 
Kontopoulos et al. (2018)’s protocol. Bone samples were ground using an agate pestle and mortar 
 
following the mechanical cleaning of the outer and inner bone surfaces. About 2-3 mg of bone powder of 
20-50 μm particle size were used for each measurement, and after each measurement the crystal plate 
and the anvil of the pressure applicator were thoroughly cleaned using isopropyl alcohol. Spectra were 
analysed using OPUS 7.5 software.  
The calculations of FTIR indices were conducted as follows: a) infrared splitting factor (IRSF) was 
assessed after Weiner and Bar-Yosef (1990, p. 191); b) carbonate-to-phosphate (C/P) ratio (Wright and 
Schwarcz, 1996, p. 936); c) type B carbonate substitutions relative to phosphate (BPI) (Sponheimer and 
Lee-Thorp, 1999, p. 145); and d) amide-to-phosphate (Am/P) (Trueman et al., 2004, p. 726). The 
average values of two modern human femora were used as reference throughout (IRSF=3.357±0.007, 
C/P=0.24±0.003, Am/P=0.182±0.001, BPI=0.482±0.000). 
Collagen 
Collagen was extracted using a modified Longin (1971) method. The exterior surfaces of bone samples 
were mechanically cleaned using a scalpel. Bone chunks of 300-500 mg were demineralized in 8 ml 0.6 
M HCl at 4∘ C. Samples were agitated twice daily and acid solution was changed every two days. When 
demineralisation was completed, the supernatant was drained off and samples were rinsed three times 
with distilled water. Gelatinization was carried out by adding 8 ml pH3 HCl and samples were placed in 
hot blocks at 80∘ C for 48h. The supernatant liquor which contains the collagen was filtered off by using 
EzeeTM filters (Evergreen) and was freeze dried for 2 days in pre-weighed plastic tubes.  
Extracted collagen was analyzed in duplicate. Tin capsules containing 0.9-1.1 mg of collagen were 
dropped into an oxygen rich combustion tube held at 1000° C. The tin capsules were ignited and burnt 
exothermally at 1800°C causing the sample to oxidise. The samples were carried through a layer of 
chromium oxide and copper oxide which ensure complete oxidation, followed by a layer of silver wool to 
remove unwanted sulphur and halides. The samples’ gases pass into a second furnace containing 
copper held at 600°C where excess oxygen was removed and nitrogen oxides were reduced to 
elemental nitrogen. Any water was removed using a magnesium perchlorate trap. The samples then 
passed into a gas chromatography (GC) column held at 70°C which separates CO2 and N2 from each 
other. The resultant gases were then introduced into the Sercon 20-22 mass spectrometer where the 
samples were ionised, and the various masses separated in a magnetic field, focused into Faraday 
collector arrays and analyzed.  
Elemental analysis 
Whole bone elemental analysis (% C, % N) was performed on 2-3 mg of bone powder. Samples were 
run in duplicate on an Exeter Analytical CE-440 elemental analyser, used in conjunction with a Sartorius 
 
SE2 analytical balance automated carbon and nitrogen elemental analyser. Samples were weighed into 
smooth-walled tin capsules, sealed and combusted in O2 at 975 ⁰C. Combustion products were then 
analysed by thermal conductivity detectors, against a blank of helium. 
3. Results and Discussion 
3.1. Histological preservation 
Histological analysis provides useful information on the microstructural characteristics of the human 
petrous bones. The thin sections of the Danish and Central Asian archaeological human petrous bones 
consist of highly osteocytic woven and lamellar-like tissue (Figure 1a-b). Woven tissue can be seen 
throughout petrous bone (Figure 1a-d) and its presence may indicate a lack of bone remodelling in 
specific areas. Osteonic tissue that appears both in the longitudinal and transverse direction (Figure 1c-f) 
of our specimens is a unique characteristic of the petrous bone, and to our knowledge this is the first 
report of the presence of osteons in both transverse and longitudinal directions of any skeletal element.  
The presence of osteons suggests that bone remodelling can take place in some areas of the inner ear 
(Doden and Halves, 1984; Frisch et al., 2000; Jeffery and Spoor, 2004; Jørkov et al., 2009). This might 
be linked to the continual, age dependent and variable changes in the size and organization of the 
pneumatized spaces observed within the petrous pyramid by Hill (2011). Furthermore, the appearance of 
osteons in both directions can be explained by the fact that the vascular network of the otic capsule is a 
termination area for the internal auditory artery (IAA) and a communication area between the IAA and 
several other arteries (Mazzoni, 1972). Thus the osteons and other vascular canals need to 





Figure 1. DEN6 Longitudinal PPL (a) and XPL (b) 100x - Petrous bone: Thin section showing an osteon (red arrow), woven 
tissue (yellow arrow), and lamellar-like tissue (green arrow) in inner periosteal tissue between semi-circular canals.   
DEN3 Transverse PPL (c) and XPL (d) 100x - Petrous bone: Image showing the presence of osteons (red arrows) in the 
outer and inner periosteal tissue.  
DEN6 Longitudinal PPL (e) and XPL (f) 100x - Petrous bone: Another image showing the presence of osteons (red arrows) in 
the outer and inner periosteal tissue, this time in longitudinal section. 
In terms of histological preservation, GHI values indicate moderate to good preservation of most 
specimens (Table 1). Our data also indicate a very strong correlation (Denmark R2=0.81) between GHI 
and collagen yields (Figure 2a), with less altered bone having more collagen. However, it is difficult to 
estimate the degree of alterations on a spatial scale larger than the microscopic field of view (here at 40x 
total magnification the field of view is c. 5 mm). Inter-observer variations cannot be avoided, while 
section thickness and decalcification can also affect GHI (or OHI) reliability for screening collagen 
preservation (Caruso et al., 2018). Inter-site variations (thermally older sites will have less collagen, e.g. 
Kendall et al., 2018 Fig.7) and preservation of microstructure without preservation of collagen content 
due to hydrolysis can further limit GHI’s use as collagen indicator (Collins et al., 2002; Hedges et al., 
1995).  
 
Table 1. Summary of data (GHI: general histological index; IRSF: Infrared splitting factor; C/P: carbonate-to-phosphate; BPI: 
carbonate type B-to-phosphate index; Am/P: amide-to-phosphate). C/N collagen= % C/% N x atomic weight C/atomic weight N. 
The samples’ names as presented in Hansen et al. (2017) are provided in parentheses as the genetic data (endogenous DNA 
content) derives directly from this study. 
The symbols next to the GHI values indicate: * samples with transverse thin sections; ** samples with longitudinal thin sections; 
*** samples with both transverse and longitudinal thin sections. 
1Collagen content estimates calculated using the equation collagen wt. % = 113.13 Am/P + 1.69 presented in Lebon et al. 
(2016). 
 
GHI may also be a reliable predictor of DNA preservation as it shows strong correlation in Danish 
samples with endogenous DNA yields (R2=0.67) (Figure 2b). Changes in crystallinity (IRSF), however, 
show a weak relationship (R2=0.27) with GHI, which indicates that the localized mineral redeposition 
during microbial attack (e.g. Hackett, 1981; Pesquero et al., 2015) and the loss of integrity during 
generalized destruction may not be reflected in average bioapatite (BAp) characteristics of comparatively 
large sampling areas (Figure 2c).  
 
 











































































































































































Figure 2. Correlation of GHI with collagen yield (a), endogenous DNA content (b), and BAp crystallinity (c). 
Possible microbial activity is only observed in small areas of samples DEN1 and DEN2, although 
microbially attacked areas may have been missed due to prior sampling for aDNA analysis. The few 
alterations identified (Figure 3b) show similarities to the early diagenetic stages characteristics 
(Kontopoulos et al., 2016; i.e. merging of osteocyte lacunae White and Booth, 2014). Such a lack of 
microbial activity due to high density and protected location of the petrous pyramid has also been 
assumed to be partly related with decreased endogenous DNA decay (Gamba et al., 2014). However, 
the microstructure of four of the eight historical samples from Denmark that were histologically examined 
have amorphous, disintegrated, dark areas of bone (i.e. generalized destruction) with microcracking 
(Figure 3c-d) that has resulted in a considerable loss of collagen birefringence. Generalized destruction 
is assumed to be connected with loss of the organic content (Collins et al., 2002; Garland, 1989; Jackes 
et al., 2001) and the presence of inclusions (Tjelldén et al., 2018). 
 
 
Figure 3. DEN4 Transverse PPL (a) and DEN2 Transverse PPL (b) 400x - Petrous bone: Well-preserved area (a) versus 
possible microbial activity in (b) that appears as merged osteocyte lacunae (opaque/black holes indicated by red arrows). 
DEN4 Transverse PPL (c) and (d) 400x - Petrous bone: Areas displaying degradation due to microcracking (c) that eventually 
leads to generalized destruction (d) characterized by loss of histological integrity (amorphous) as seen in PPL and a complete 
loss of collagen birefringence in XPL (dark appearance, hence no image).  
Opaque features (inclusions) can be seen within pores of one specimen (Figure 4). Archaeological bone 
may be filled with detrital or other exogenous material that penetrates the pores (Bodzioch, 2015; 
Bodzioch and Kowal-Linka, 2012; Garland, 1989). Inclusions can fill up osteocyte lacunae, canaliculi and 
Haversian canals (Bodzioch, 2015; Hollund et al., 2012; Pfretzschner, 2004; Tjelldén et al., 2018; 
Turner-Walker, 1999) and can cause micro-cracks (Figure 4) that can accelerate the decay of the 
already degraded collagen, allowing the ionic exchange between water and bioapatite (Fernandez-Jalvo 
et al., 2010; Pfretzschner, 2004; Tjelldén et al., 2018).  
 
 
Figure 4. DEN2 Longitudinal PPL (left) and XPL (right) 100x - Petrous bone: Inclusions (yellow arrow) in endosteal tissue 
close to a fissure (red arrow) that runs from the outer periosteal (red arrow) to the endosteal tissue that surrounds the 
semicircular canal. 
Signs of microcracking (as seen on the walls of Haversian canals or others crossing the osteon 
boundaries in sample DEN1 (Figure 5)) are related to water uptake (Pfretzschner and Tütken, 2011), as 
microfissures near or within osteons relate to changes in density, collagen degradation and mineral 
dissolution (Bell, 1990; Pfretzschner and Tütken, 2011). However, cracking may also be attributed to 
physical stresses during sample preparation (Dal Sasso et al., 2014; Lander et al., 2014; Turner-Walker, 
2012). Brown/orange staining seen in the outer periosteal surfaces of five Danish and two Central Asian 
specimens (Figure 5) could have been caused by the infiltration of iron oxides (Hollund et al., 2012; 
Pesquero et al., 2015) or other exogenouss substances that replace the osseous material and can be 
identified as stained sites with granular appearance (Garland, 1989). 
 
Figure 5. DEN1 Longitudinal PPL 100x - Petrous bone (left): Areas of inner periosteal bone exhibiting microcracking within 
and around osteons (red arrows).  
DEN2 Transverse PPL 100x - Petrous bone (right): Brown staining of the outer periosteal tissue. 
 
 
3.2. Bioapatite preservation 
Changes in bioapatite composition occur as bone mineral is a relatively unstable and disordered form of 
hydroxyapatite, and this degree of disorder is responsible for the promotion of diagenetic modifications in 
BAp crystals (Asscher et al., 2011a; Trueman, 2013). Various ions (e.g. HPO42ˉ, PO43ˉ, CO32ˉ, Ca2+, Mg2+) 
can be incorporated into the bone-water system, enter the BAp hydrated layer, and subsequently, 
substitute other ions into the BAp core (Berna et al., 2004; Rey et al., 2009). The conditions of the burial 
environment (e.g. pH, local hydrology) are responsible for triggering a reorganization/growth of BAp 
crystals through dissolution (loss of less stable components) and recrystallization (formation of more 
stable structures) that is necessary for their survival post-mortem (e.g. Berna et al., 2004; Hedges and 
Millard, 1995; High et al., 2015).  
In this study IRSF and C/P display the strong inverse relationship (R2=0.78) reported in other works, with 
recrystallization driving the loss of carbonate from the apatite (Figure 6). The Danish and Central Asian 
samples display statistically significant differences both in IRSF values (U=3.000, p=0.003) and 
carbonate content (U=10.500, p=0.05). The petrous bones from Denmark have a lower average IRSF 
(IRSF=3.46±0.08) that is only slightly increased compared to modern human bone (IRSF=3.357±0.007), 
while the petrous bones from Central Asia (IRSF=4.04±0.1) show much stronger modifications. The 
infrared splitting factor (IRSF) reflects BAp crystal size and structural order/disorder, with the larger 
and/or more ordered crystals displaying higher IRSF values (e.g. Asscher et al., 2011a, 2011b). Thus, 
increased IRSF values here indicate an increase in average and/or maximum crystal length. This 
increase may be due to an increase of the size of the larger crystals at the expense of the smaller ones 
(i.e. Ostwald ripening), dissolution of the smaller crystals, or both (Kendall et al., 2018; Trueman, 2013; 
Weiner and Bar-Yosef, 1990).  
 
Figure 6. IRSF-to-C/P correlation that denotes site-specific variations. Increased IRSF values indicate an increase in average 
and/or maximum crystal length. 
A loss of CO32ˉ content in our samples can be seen both in the Danish (C/P=0.19±0.02) and the Central 
Asian petrous bones (C/P=0.14±0.02) compared to modern human samples (C/P=0.240±0.003). 
 
Similarly to IRSF, the two assemblages exhibit site-specific differences in carbonate content (Figure 6), 
with the petrous bones from Denmark displaying a loss of about 20% of the initial carbonate, while the 
Central Asia bones have lost about the 40% of their initial CO32ˉ. The main driving factor in diagenetic 
alteration is the extent to which local conditions alter the mineral phase; the more stable the conditions 
the less altered is the bone. The longer time of exposure to the conditions of the burial environment for 
the Central Asian (i.e. Bronze Age) samples could also partly explain their differences in crystallinity and 
carbonate content. It is, generally, assumed that the longer the bone is exposed to the conditions of the 
burial environment, the greater is its dependency on external sources of phosphate (i.e. authigenic 
minerals) and other ions to fill in the pore space initially occupied by the organic component (Figueiredo 
et al., 2012; Trueman et al., 2004), although this also depends on other environmental factors. 
Overall, the decreased CO32ˉ content observed in our samples promoted the formation of a more stable 
mineral phase (i.e. crystal size and lattice perfection) (Salesse et al., 2014). Carbonate ions (4-6 wt. %) 
can replace OHˉ (type A) or PO43ˉ (type B) ions in the bioapatite crystal lattice (LeGeros, 1965; Wopenka 
and Pasteris, 2005). Type A substitutions take place at high temperatures (900-1000o C) with the 
exclusion of water, whereas type B substitutions can take place at much lower temperatures (25-100o C) 
(LeGeros, 1965). 
 
Figure 7. The very strong 1410-to-872 cm-1 peak height correlation indicative of the dominant role of type B carbonate in BAp 
crystal structure. 
Here the peak height at c. 1410 cm-1 displays a very strong linear relationship (R2=0.90) with this at c. 
872 cm-1(Figure 7). As both peaks reflect the type B carbonate environment in bioapatite crystals (Rey et 
al., 1989) it indicates that bone carbonate exchange during crystallinity increase (Figure 6) primarily 
occurs at the phosphate sites of the crystal lattice (i.e. type B) (LeGeros, 1965; Wopenka and Pasteris, 
2005). An exchange of PO43ˉ for CO32ˉ alters the atomic-level bond spacings and orientations due to the 
differences in the O-O distances (LeGeros et al., 1969). A substitution of the smaller CO32ˉ by the larger 
PO43ˉ increases the unit cell dimensions of BAp crystals and forms more ordered crystal lattices (e.g. 
LeGeros, 1965; Wopenka and Pasteris, 2005). Consequently, our data prove that type B CO32ˉ is indeed 
 
the predominant form of carbonate that is replaced by exogenous phosphate or other ions on the sloping 
faces of BAp crystals (Fleet et al., 2004; LeGeros, 1965; Rey et al., 1989).  
3.3. Collagen preservation 
All samples exhibit very good collagen preservation, with collagen wt. % ranging from 7.42 to 17.84 
(Table 1). Although there are no statistically significant differences (U=18.000, p=0.328) between the two 
sites, the Danish petrous bones show lower average collagen yields (12.49±1.04) than the Central Asia 
samples (14.67±1.1), despite being much younger. Collagen yields (wt. %) are commonly used to 
distinguish well-preserved from poorly-preserved collagen and currently c. 1 wt. % is considered a 
suitable threshold below which samples should not be used for isotopic and/or radiocarbon dating 
studies (Brock et al., 2010; Dobberstein et al., 2009; van Klinken, 1999). 
A combined use of % C, % N and C/N ratio is assumed to significantly increase the successful screening 
of bones for collagen (Brock et al., 2012, 2010; Harbeck and Grupe, 2009). Starting with the % N in 
whole bone, which is c. 3.5 - 5.5 wt. % in modern bone (Baker et al., 1946; Eastoe and Eastoe, 1954), 
our values range from 1.39 to 3.42 (Table 1). It has been previously shown that % N is a reliable index to 
screen collagen preservation (Bocherens et al., 2005; Brock et al., 2010). Bocherens et al. (2005) 
support that a 0.4 % N threshold is adequate for samples in order to be further examined for stable 
isotopes and/or radiocarbon dating. Similarly, Brock et al. (2010) propose a cut-off point of 0.7 %, 
although when samples contain > 0.7 % Ν and give collagen yields < 1 wt. %, the nitrogen may be 
present as short-chain/degraded collagen or polypeptides, non-collagenous proteins, soil contaminants, 
or conservation treatments (Brock et al., 2012). The Danish and the Central Asian samples show no 
statistically significant differences (U=14.500, p=0.145), while they both demonstrate strong, site-specific 
relationships between collagen wt. % and N wt. % (Figure 8a). The higher average % N in the Danish 
bones (2.51 versus 2.04 for Central Asian), which at the same time display lower collagen yields than the 
Central Asian bones, is noteworthy and could be possibly due to the presence of non-collagenous 
proteins in the former. Overall, it seems that our data are in agreement with past studies (e.g. Brock et 
al., 2012; Lebon et al., 2016) which claim that % N of whole bone can be a relatively good indicator of 




Figure 8. Data showing the reliability of N and C content in whole bone as indicators of collagen preservation. 
Values range from 5.76 to 11.60% for the total amount of carbon (Table 1). Archaeological bone usually 
displays a significant decrease in carbon content compared to modern animal bone that have c. 15 wt. % 
C (Ambrose, 1990; Sillen and Parkington, 1996; van Klinken, 1999). While the two groups show no 
statistically significant differences (U=23.000, p=0.689), the samples from Central Asia display a 
moderate collagen wt. % - C wt. % correlation (R2=0.50) while the petrous bones from Denmark exhibit a 
much stronger linear relationship (R2=0.74) (Figure 8b). Thus, our data indicate that % C of whole bone 
can be an equally strong to % N of whole bone predictor of collagen content. 
Collagen C/N ratio was also used as a quality indicator for collagen, with values ranging from 3.2 to 3.4 
(Table 1) and samples from Denmark displaying no statistically significant differences from these of  
Central Asia (U=21.500, p=0.529). Values similar to modern bone (i.e. 2.9 to 3.6) are considered 
representative of good quality collagen, whereas much higher C/N ratios are linked to diagenesis 
(Ambrose, 1990; DeNiro, 1985; DeNiro and Weiner, 1988; Tuross, 2002). Post-mortem alterations in the 
carbon and nitrogen contents involve more than one mechanism (microbial attack and hydrolysis) 
(Ambrose, 1990; Balzer et al., 1997; Harbeck and Grupe, 2009; Turner-Walker, 2008; Tuross, 2002). A 
preferential loss of the hydrophobic amino acids during collagen hydrolysis and the amino acids with a 
higher number of carbons in microbial attack can affect the C/N ratio (Balzer et al., 1997; Grupe, 1995; 
Harbeck and Grupe, 2009; Masters, 1987; Turban-Just and Schramm, 1998; Tuross, 2002). Although 
the C/N ratios of whole bone powder could provide an alternative solution, the relationship with col. wt. % 
(Central Asia R2=0.22 and Denmark R2=0.48) does not seem to be sensitive enough to discriminate well- 
from poorly-preserved samples. Poor correlation between C/N of whole bone and collagen yields has 
also been reported by Brock et al. (2012) and Lebon et al. (2016). 
 
 
Figure 9. The effect of site-specific variations on the Am/P index. The lower intercept of the more recent (Danish) bones 
suggests that the phosphate for carbonate exchange (relative phosphate content), and vice versa, can affect the reliability of 
Am/P as a collagen predictor. 
The Am/P ratio can potentially provide valuable information on the relative amount of organic content in 
bone (Lebon et al., 2016; Trueman et al., 2008a, 2004). A strong to very strong correlation (Central Asia 
R2=0.83, Denmark R2=0.63) between Am/P and collagen wt. % can be seen in our data for both 
assemblages (Figure 9). The overall relationship between Am/P and collagen yields (R2=0.33) however 
is weak, even if there are no statistically significant differences in Am/P values between the two sites 
(U=14.500, p=0.145), due to changes in BAp crystals’ relative phosphate amounts during 
dissolution/recrystallization (Figure 9). 
The application of the Am/P ratio as a quantitative approach to estimate collagen yields using the Lebon 
et al. (2016) equation (i.e. collagen wt. % = 113.13 Am/P + 1.69) can potentially provide reliable collagen 
content estimates (e.g. DEN2, DEN5, DEN8, CA3) with the average offset being -0.84±2.33% (Table 1). 
However, the collagen content estimates are affected by the relative phosphate content in the samples 
(Figure 9) that results to poor agreement with collagen yields in other specimens (e.g. DEN1, DEN6, 
CA4, CA5). The presence of overtones related to structural water (e.g. O-H stretch at 1640-1660 cm-1) 
can also lead to increased values for specimens that contain less than c. 10 wt. collagen (Lebon et al., 
2016; Trueman et al., 2008a). Further limitations include the significant effects of FTIR and collagen 
sample preparation strategies on Am/P (e.g. Kontopoulos et al., 2018) and collagen yields (e.g. Sealy et 
al., 2014), respectively. 
Finally, our data are in agreement with other studies (e.g. Lebon et al., 2010; Weiner and Bar-Yosef, 
1990) that support a lack of correlation between crystallinity (i.e. IRSF) and collagen content (Denmark 
R2=0.19; Central Asia R2=0.15). This observation might be unexpected as the mineral-organic 
relationship is considered very strong. The BAp crystals are located between the collagen fibrils (inter-
fibrillar spaces) or on the surfaces of collagen fibrils (intra-fibrillar spaces), while their orientation and size 
are controlled by the fibril structure and organization (Boskey, 2003; Weiner and Price, 1986; Weiner and 
Traub, 1986). Hence the volume of bone matrix that is filled with collagen in vivo can be replaced post-
mortem by exogenous ions until inter-crystallite porosity has been filled (Susini et al., 1988; Trueman et 
 
al., 2008b). Similar to IRSF, there is a very weak correlation between C/P and collagen wt. % for 
samples from Central Asia (R2=0.05), while there is a moderate linear relationship (R2=0.54) for samples 
from Denmark. We have no good explanation of this difference, which would benefit from a larger study 
which might explore (for example) the selective leaching of proteins such as osteocalcin and osteonectin 
which may play a role in limiting the extent of recrystallisation.  
3.4. DNA preservation 
The survival of DNA in archaeological bone has been linked to mineral preservation as dissolution and 
recrystallization of BAp crystals leads to considerable loss of DNA (Allentoft et al., 2012; Götherström et 
al., 2002; Lindahl, 1993; Parsons and Weedn, 2006). Our data demonstrate that IRSF and C/P can be 
considered reliable predictors of DNA preservation as there is an overall strong inverse relationship 
(R2=0.69) of crystallinity (IRSF) and an overall strong linear relationship (R2=0.70) of C/P with 
endogenous DNA yields (Figure 10a-b). When samples are split into three groups based on their 
endogenous DNA yields (i.e. >10%, 1-10 %, and <1 %) to potentially enhance screening practices, 
samples with IRSF values similar to modern human bone (i.e. IRSF=3.357±0.007) display >10 % 
endogenous DNA (Figure 10c). When endogenous DNA yields drop below 10 %, samples display a very 
strong inverse relationship (R2=0.93) with IRSF that increases to levels over 3.6 (Figure 10c). In tandem, 
samples with similar to modern bone C/P ratios (C/P=0.24±0.003) contain >10 % endogenous DNA 
(Figure 10d). When C/P decreases to the c. 0.15-0.18 level, this carbonate loss is accompanied by a 
significant loss of endogenous DNA to below 10 %, although contrariwise to IRSF, there is no strong 
correlation with DNA yields (Figure 10d). However, the small number of samples examined in this study 




Figure 10. Correlation of crystallinity (a) and carbonate content (b) with endogenous DNA yields, and possible thresholds (c and 
d). Percentage endogenous DNA between the two sites were almost statistically significant different (U=8.000, p=0.06), and 
varied between 3.5 % and 56.3 % (average=32.2 %) in the Danish samples, and from 0.1 % to 32 % (average=9.6 %) in the 
Central Asian specimens. 
Overall, the ionic exchanges in bioapatite crystals (phosphate for carbonate substitutions, and vice 
versa) of archaeological human petrous bone during dissolution/recrystallization can lead to a significant 
loss of DNA, although DNA molecules can be trapped and survive in archaeological timescales by 
adsorbing onto the surfaces of the crystals. The adsorption of DNA is controlled by environmental 
conditions (e.g. temperature, pH, local hydrology) (Grunenwald et al., 2014). At lower temperatures (i.e. 
4 °C) the amount of DNA adsorbed onto crystals is significantly less than at higher temperatures (i.e. 22 
or 37 °C), while in acidic environments adsorption increases compared to alkaline (Götherström et al., 
2002; Grunenwald et al., 2014; Lindahl, 1993; Parsons and Weedn, 2006). Consequently, possible 
differences in their burial environments are responsible for the variations seen in the relationships 
between endogenous DNA content, crystallinity and carbonate content in our samples. 
Additionally, three of the Danish petrous bones (DEN4, DEN5, DEN9) that exhibit <10 % endogenous 
DNA also display poor histological preservation, with large areas suffering from generalized destruction. 
The DNA molecule is particularly prone to the interaction with water, which is also related to generalized 
destruction and ionic exchange in BAp crystals. Hydrolysis leads to breakage of the polynucleotide 
strands followed by chain breakage into shorter fragments (Bada et al., 1999; Hofreiter et al., 2001; 
Lindahl, 1993; Pääbo, 1989) and any variations in long-term DNA fragmentation are assumed to be 
caused by differences in temperature, pH and local hydrology (Allentoft et al., 2012; Burger et al., 1999; 
Lindahl, 1993; Lindahl and Nyberg, 1972). 
Hydrolysis can cause deamination (i.e. loss of the amino -NH2 group) and/or depurination (i.e. release 
the purines) with purines being more susceptible to hydrolysis than pyrimidines (Lindahl, 1993; Lindahl 
and Nyberg, 1972; Pääbo, 1989). Deamination of cytosine to uracil (C→T miscoding lesion) is the most 
common pathway and generates a C→T sequence error as the deaminated cytosine (now uracil) binds to 
adenine (Lindahl, 1993; Pääbo et al., 2004). Here, the increased C→T damage rates (Hansen et al., 
 
2017) confirms such a scenario (0.27±0.04 average C→T mismatch for Denmark and 0.39±0.09 for 
Central Asia). However, correlation of C→T mismatch with the diagenetic parameters was weak (% DNA-
C→T= 0.22; % Collagen-C→T= 0.14; IRSF-C→T= 0.18; C/P-C→T= 0.03; % N-C→T= 0.14; 0.02; % C-
C→T= 0.00). While the methyl (-CH3) group attached to cytosine can make them more susceptible to 
deamination (Brown and Brown, 2011; Hansen et al., 2001), increased methylation levels were not 
observed in our samples (see Hansen et al., 2017 for more information).  
With regard to the collagen-DNA relationship, the crucial role of collagen loss in DNA degradation has 
been discussed in past studies (Campos et al., 2012; Götherström et al., 2002; Sosa et al., 2013), but 
our results demonstrate a lack of relationship between collagen and DNA preservation (Figure 11). As a 
result, collagen preservation is not always a good measure of endogenous DNA content as samples with 
good collagen preservation may not yield endogenous DNA, and vice versa. 
 
Figure 11. The relationship between collagen content and DNA preservation, indicating that at these levels of bone 
preservation, % collagen is not always a good indicator for successful aDNA recovery. 
4. Conclusion 
This study focused on human petrous bone diagenesis with the aim of providing new information which 
can potentially increase the success rates of some commonly used methods (e.g. histology, FTIR, 
elemental analysis, collagen wt. %) applied to screen petrous bone for DNA and collagen preservation. 
The analysis revealed: 
● Histomorphology: the present findings confirm that the human petrous bone has unique 
microstructural characteristics with different types and arrangement of tissues compared to other 
adult skeletal elements. Woven and lamellar-like tissue distribution in outer periosteal, inner 
periosteal, and endosteal zones of the petrous pyramid is possibly controlled by the function and 
mechanical demands of each inner ear region. To our knowledge, this is the first report of the 
presence of osteons in both transverse and longitudinal sections in any skeletal element. However, it 
is difficult to arrive at any conclusions with regard to the effects of microstructure on the role of 
 
petrous bone as a repository of ancient biomolecules, although it is possible that its combined 
characteristics (woven tissue, lack of remodelling, protected location) may create microniches that 
allow DNA survival. 
● Diagenesis: a) microscopic focal destructions were not observed in petrous bones. Only few 
merged osteocyte lacunae can possibly represent some limited microbial activity during early 
diagenetic stages; b) generalized destruction was linked with decreased levels of endogenous DNA 
content; c) dissolution and recrystallization of BAp crystals was associated with a significant loss of 
DNA but not collagen. 
● Screening methods: a) GHI can be potentially used for collagen and DNA screening; b) Am/P, % N 
and % C content in whole bone are reliable indicators of collagen content; c) IRSF and C/P may 
potentially be used to identify bones with high (>10 %) endogenous DNA content.  
Future research should further explore these initial histomorphological findings by examining a series of 
transverse and longitudinal thin sections to record changes across the entire petrous. That way any 
issues regarding the role of bioerosion in petrous bone degradation can be answered and susceptible 
areas can be identified. The potential effects of the burial environment on petrous bone diagenesis may 
also constitute the object of future studies as these may help pinpoint the critical degradation 
parameters. Another interesting research approach would also be the comparison of petrous bone with 
other skeletal elements to understand to what extent their histomorphological or even possible 
compositional differences increase DNA and collagen chances for postmortem survival in petrous bone. 
Multi-analytical approaches could provide deeper analyses of particular diagenetic mechanisms, while 
new proposals of different methods may further enhance screening practices. 
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